Failure of the chassis of roller skates for agonistic figure skating  by Olmi, Giorgio
Case Studies in Engineering Failure Analysis 3 (2015) 62–67
Contents lists available at ScienceDirect
Case Studies in Engineering Failure Analysis
jou r nal h o mep age: w ww.els evier . co m/lo c ate /c sef aCase studyFailure of the chassis of roller skates for agonistic
ﬁgure skating
Giorgio Olmi *
Department of Industrial Engineering (DIN), University of Bologna, Bologna, ItalyA R T I C L E I N F O
Article history:
Received 30 July 2014
Accepted 21 August 2014
Available online 28 August 2014
Keywords:
Figure roller skating
Impact load
Bending fatigue
Strain gauge testing
Structural optimization
A B S T R A C T
The subject of this work was to investigate the early failure, which occurred in the chassis
of a roller skate for ﬁgure skating. The paper deals with the preliminary analysis of the
crack and with the integrated approach, which had to be followed to overcome the
problem. Literature in the ﬁelds of physiology and biomechanics was studied to correctly
simulate the load distribution on the chassis. Finite element simulation, experimental
stress analysis and analytical modeling of impact phenomena had to be combined together
to estimate the entity of dynamic loads and the corresponding state of stress. The analysis
led to the determination of the primary cause of failure, bending fatigue, and to the
suggestion of a simple solution to improve and optimize the project.
 2014 The Author. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Figure roller skating is nowadays a sport being practised by thousands of people at a professional or semi-professional
level. One of the most impressive ﬁgures in exhibitions and competitions consists in jumps: during these evolutions the
skater gets elevated up to 400 mm, just after, the wheels drop down to the ground with a strong impact. From the mechanical
point of view, the impact has a quite serious outcome, since a high level of load is transmitted to the skate chassis. Moreover,
its entity is quite difﬁcult to estimate, as it is highly dependent on the skater mass, on the elevation and on the type of ﬁgure
being performed. A further important issue stands in the number of jumps that are repeated throughout an exhibition and
especially during the many training hours that every professional skater usually undergoes. The question of mechanical
resistance is made more and more complicated by the increasing demand for lighter structures, due to the positive outcome
on the technical quality of ﬁgures during competitions.
This paper deals with the development of the prototype of a novel skate chassis. This is intended to be used in ﬁgure roller
skating at a professional agonistic level. Its main feature consists in its lightness, thanks to the reduced thickness and to the
adoption of an aluminum alloy material, P-AlMgSi (6060) – UNI 9006/1, whereas the previous version had been made of
commercial steel. This low weight, corresponding to a mass of just 144 g, led initially to a very positive outcome in terms of
sport performance. However, unfortunately, a failure occurred after just six months of use by a professional female ﬁgure
skater. The occurrence of this failure, which consisted in a crack that nucleated and propagated under bending tensile stress
and led to the early disposal of the prototype, can be regarded as the primary motivation for this paper.* Correspondence to: Department of Industrial Engineering (DIN), University of Bologna, Viale del Risorgimento, 2, 40136 Bologna (BO), Italy.
Tel.: +39 051 2093455; fax: +39 051 2093412.
E-mail address: giorgio.olmi@unibo.it
http://dx.doi.org/10.1016/j.csefa.2014.08.002
2213-2902/ 2014 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/3.0/).
Fig. 1. (a) Figure roller skates and detail of the chassis; (b) a photo of the cracked component.
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and c). It can be observed that failure occurred at the lower part of the chassis, which withstands a bending tensile stress due
to the skater own weight in static and especially in dynamic conditions. A Brinell hardness test was performed on the
material of the cracked prototype and HB = 33 was estimated. This value is well corresponding to that of a P-AlMgSi at the
annealed state.
The subject of this study was therefore to determine the states of load and, in particular, of stress and strain, occurring in
the chassis in operation conditions, and to retrieve its points of weakness. This was the preliminary step for the improvement
of the project and for the development of a modiﬁed version of the prototype. The main criticalities that had to be overcome
can be summarized in the following points: A numerical model simulating the state of stress of the chassis can indeed be developed, however, some difﬁculties arise
(see the following points) that require a careful experimental validation. The way how the vertical load gets distributed over the chassis is unknown and of not easy estimation.
 The entity of load in impact condition is also quite difﬁcult to determine by a theoretical approach (numerical or analytical
tools).
2. Load distribution and ﬁnite element model of the chassis
With the aim of overcoming the just mentioned critical issues, a literary review was performed regarding the physiology
and the biomechanics of the lower limb, with particular reference to the mode of load transmission. Regarding this point, the
most widely accepted theory is that by Kapandji [1], according to which the plantar vault may be compared with an
architectural vault supported by three arches. This theory has been conﬁrmed also by subsequent studies in the
biomechanics and medicine ﬁelds [2–4]. The vertical load withstood by the vault acts at three points indicated as A, B and C,
which lie at the corners of an approximately equilateral triangle (Fig. 2(a)).
The body’s weight is therefore distributed along three directions, toward points A, B and C, which are usually indicated as
‘‘pressure concentration points’’. The amounts of load being transmitted to the three concentration points, and then to the
ground, are proportional to the heel height, which depends on the geometry of the roller skate boot. Considering the most
usual height for professional skates, about 50 mm (Fig. 2(b)), the vertical load transmitted by the body gets concentrated
mainly at the front zone of the sole, i.e. at points A and B. Under this hypothesis, the analysis of Refs. [1–4] yields useful
information in terms of the percentage amounts of the loads acting at the three points.
The static load due to the athlete’s weight was initially considered: in the present case the total mass was 54 kg,
corresponding to a force of about 530 kg. According to Refs. [1–4], considering that weight acts on just one leg during ﬁgures, the
loads were so estimated: 118 N (22.3% of the total) acting on A, 235 N (44.3%) on B and 177 N (33.3%) on C. These forces acting on
concentration points are then transmitted by the foot sole to the boot and by the boot to the chassis. Fig. 2(c) depicts a plant view
of the chassis, with the superposition of the foot sole and of related concentration points: it is interesting to observe that the line
connecting the forward concentration points (the most loaded: A and B) intersects the chassis at the crack location. The model
was constrained, considering the actual hyperstatic connections between the chassis and the two couples of carriers.
A sketch of the outcome of the ﬁnite element model (FEM) of the chassis is shown in Fig. 3(a): from a qualitative point of
view, it can be emphasized that, considering the load distribution discussed above, the peak value for stress has been found
Fig. 2. (a) Load distribution according to the vault theory [1]; (b) shape of the boot and heel height; (c) Concentration points and related locations with
respect to the chassis plant.
Fig. 3. (a) Outcome of the FEM model of the chassis; (b) application of electrical strain gauges; (c) strain predicted at the gauge location.
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and the impact load still had to be evaluated. It was anyway an important step, since the model could be used to individuate
the optimal location of strain gauges, to be applied to an identical not cracked prototype, as close as possible to the most
loaded area (i.e. the crack location).
3. Experimental procedure
Two electrical strain gauges, auto-compensated for aluminum alloy, were bonded at the front zone of the chassis at both
sides, very close to the crack location. The procedure of strain gauge instrumentation and the state of strain at the bonding
location are sketched in Fig. 3(b and c). Strain gauges were connected to form two quarter Wheatstone bridges by three-wire
connection. The decision of making use of strain gauges is supported by many papers in Refs. [5–16], dealing with in-ﬁeld
tests by instrumented components or speciﬁcally developed load cells. Especially in the case of dynamic loads, the execution
of tests in the ﬁeld is often the only option to get a reliable estimation [6,7,9,11,13,16].
Fig. 4. (a) Experimental testing and related measuring chain; (b) strain plotted vs. time during a jump and related impact; (c) a sketch of the roller skate:
parameters and conditions for the analytical model.
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was statically applied, with ﬁve replications. This session led to a validation of the numerical model.
The second session was framed within the training of the professional skater, with the aim of measuring the impact load.
The measuring chain (Fig. 4(a)) consisted of long cables (5 m) between the strain gauge sensor and a connector block. The
platform output was connected to a DAQ Card, inserted into a laptop slot. A LabView program was speciﬁcally developed to
assist the acquisition phases, to record the data and to set and control the sampling frequency. Regarding this issue, a
frequency of 5 kHz seemed to be reasonably suitable for the full acquisition of the impulsive peak of strain. Dynamic tests
were performed, acquiring analogical signals by the two strain gauge quarter bridges: strains were independently and
simultaneously recorded on two channels. For processing the data, averages between the two acquisitions were then
computed. The athlete was asked to perform a series of jumps with and without run-up and the strains were consequently
acquired. During all the tests the reference elevation from the ground of h = 400 mm was approximately reached.
4. Experimental results and discussion
The static test led to the determination of an average (among the 5 replications) strain of 55 mm/m at the strain gauge
location: this value is the same as that yield by the FEM model at the same zone. This was a very promising result, regarding
the assumptions on load distributions.
The impact tests led to quite repeatable results: one of the outputs of the campaign is shown in the graph in Fig. 4(b),
where the averaged (between the outputs of the two channels) measured strain is plotted vs. time. Two results are signiﬁcant
regarding this graph: the entity of the peak, 400 mm/m and the duration of the impact, approximately 0.13 s.
Regarding the ﬁrst issue, comparing the values of 400 mm/m (impact) and of 55 mm/m (static condition), it can be argued
that the impact leads to an increase of the strain state by an (impact) factor of 7.3 [17]. The total incremented vertical load
was therefore initially roughly estimated, multiplying the static load of 530 N by the same factor, with the assumption of a
perfectly linear relationship. The value of 3,855 N is yield as the result of this computation.
The following step consisted in a more proper calculation of the impact force by an analytical model. Fig. 4(c) shows a
scheme of the impact phase: mA indicates the combination of the masses of the skate and of the athlete, whereas mB stands
for the mass of the ground. The impact force Fi can be estimated [17,18] as in Eq. (1), where y¨A, y˙A and yA, respectively indicate
acceleration, speed and displacement of the skate and of the whole athlete’s body. The equivalent stiffness, resulting by the
combination of those of the boot and of the chassis is indicated by k.
F iðtÞ ¼ 
y¨A þ ðkyA=mAÞ
ð1=mAÞ þ ð1=mBÞ
(1)
With the assumption that the mass of the ground is much greater than that of the skater (mb ma), Eq. (1) may be
simpliﬁed as in Eq. (2).
F iðtÞ ¼ ðy¨AmA þ kyAÞ (2)
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along the (impact) vertical direction can be computed as follows, Eq. (3):
Iy ¼
ZT
0
FiðtÞdt ¼ 
ZT
0
ðy¨AmA þ kyAÞdt ¼ mA y˙AðTÞ  y˙Að0Þ þ
k
mA
ZT
0
yAdt
2
4
3
5  mA 2y˙Að0Þ þ k2mA ymaxT
 
(3)
According to Ref. [18], it can be reasonably supposed that the impact force Fi has a sinusoidal trend, with equation
Fi(t) = Fmax sin(vt), where v = p/T and T represents the impact duration. Assuming a linear trend for the displacement yA, the
integral of yAdT over the impact duration can be approximated as ymaxT/2, where ymax stands for the maximum elongation.
Moreover, according to the elastic impact model y˙AðTÞ ¼ y˙Að0Þ.
The peak of the impact force, Fmax (corresponding to ymax) can be then computed, according to Ref. [18], as the product
between v/2 and the impulse yield by Eq. (3).
Fmax  v
2
 Iy ¼ v
2
mA 2y˙Að0Þ 
k
2mA
ymaxT
 
(4)
Considering Eq. (4), it can be observed that the second term contains the impact duration T and the maximum elongation
ymax. The equation can be simpliﬁed again, observing that these two terms are reasonably very low. On the other hand, the
ﬁrst term contains three signiﬁcant terms: the inverse of T, the mass of the skater, and the speed just before the impact. The
conclusion is that the second term can be neglected with respect to the ﬁrst one.
Fmax  v
2
mA  2y˙Að0Þ ¼ p 
1
T
 mAy˙Að0Þ (5)
Considering an elevation of 400 mm, the speed term, evaluated by the well known formula,
ﬃﬃﬃﬃﬃﬃﬃﬃ
2gh
p
, is equal to 2.8 m/s.
Introducing the value of T = 0.13 s, the impact force is ﬁnally evaluated in Eq. (6): it is interesting to remark that this value is
well consistent to the previously roughly estimated, with a discrepancy of 5%.
Fmax ¼ p1
T
mAy˙Að0Þ ¼ p
1
T
54  2:8 ¼ 3; 655 N (6)
The numerical model was then integrated by the experimental data and used to simulate the distribution of stress under
the impact. The maximum value for von Mises equivalent stress was retrieved at the crack location (Fig. 5(a)). In particular,
the estimated value was around 65 MPa, which is not particularly high, but can be consistent with the fatigue failure of a
component in P-AlMgSi alloy.
Considering that an average number of 4 leaps per min is usually performed during training and that the training sessions
for a professional athlete take place every day (6 days per week) for at least four hours, a total of over 200,000 jumps (i.e.
fatigue cycles) can be reasonably expected in a six-month time.
As mentioned in Section 1, HB = 33 was retrieved on the cracked component. This outcome makes it possible to estimate
an ultimate strength (su) around 100 MPa. Even though aluminum alloys do not have a true fatigue limit, a common practice
is to take the fatigue strength at 5  108 cycles as the pseudo fatigue limit value [19]. According to Refs. [19,20], the bending
fatigue limit (sf) of these alloys is 0.4 times the ultimate tensile strength: around 40 MPa, being lower than 65 MPa. A difﬁcult
point stands in the estimation of the aluminum alloy response in the ﬁnite life ﬁeld. However, following the approach for
steels [19], it is possible to estimate an approximated S-N curve, which is interpolated between 0.9su at 1000 cycles and sf atFig. 5. (a) State of stress of the chassis with peak value at the cracked location, (b) approximated S–N curve of P-AlMgSi in the ﬁnite life domain; (c) improved
and optimized project.
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notice that the expected life for a stress level of 65 MPa is around 300,000 cycles, a duration being of the same magnitude of
order as the observed one.
Finally, the validated model made it possible to improve the project: the thickness at the cracked location was increased
to reduce stress under the bending fatigue limit. On the other hand, holes were added at the central and real sides of the
chassis, in order not to increase the mass of 144 g (Fig. 5(c)). As it is visible in Figs. 3(a) and 5(a), this area exhibits very low
values of stress, a possible reason standing in the occurrence that it is located under the vault between the three
concentration points.
5. Conclusions
This paper dealt with the analysis of a novel chassis for ﬁgure roller skates, made of P-AlMgSi alloy, which experienced
a premature failure. An integrated approach had to be used to overcome the several criticalities of the study. In particular,
a careful literature review was necessary to get a reliable estimation of the load distribution of the chassis, according to the
vault theory. A ﬁnite element model of the chassis was necessary to determine the states of stress and strain in the structure.
Experimental stress analysis was used to calibrate the model and to study dynamic conditions: the results were also
integrated into an analytical model to study the impact of skate wheels to the ground. The research led to the individuation
of the primary cause of failure, standing in bending fatigue, due to the high number of jumps (i.e.: fatigue cycles) being
performed during ﬁgure skating training. A solution to the problem was suggested, which led to an improved and optimized
project of the chassis with positive outcomes (from the technical and mechanical points of view) in its use.
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